Introduction
Engulfment and cell motility protein 1 (ELMO1) physically interacts with the dedicator of cytokinesis 180 (DOCK180), a member of the guanine nucleotide exchange factors (GEFs), to promote small GTPase Ras-related C3 botulinum toxin substrate (Rac), and was first discovered as a gene required for phagocytosis of apoptotic cells and cell motility (1, 2) . In a genome-wide case control association study, Shimazaki et al. found that a single nucleotide polymorphism in the 18th intron of the ELMO1 gene is strongly associated with diabetic nephropathy in Japanese (3) . Since then the association has been observed between the polymorphisms in the ELMO1 gene and diabetic nephropathy in Whites (4, 5) , Chinese (6), African Americans (7), Pima Indians (8) , South Indians (9) , and Iranians (10) .
In our previous work, we demonstrated the causal relationships between the genetic variations in the expression of Elmo1 and the severity of nephropathy by generating Akita type 1 diabetic mice having 5 graded genetic levels of Elmo1 expression by replacing the 3′ untranslated region (3′-UTR) of Elmo1 with either an unstable Fos 3′-UTR or a stable bovine growth hormone 3′-UTR (bGH) (11, 12) . Akita diabetic males develop diabetic nephropathy including albuminuria, glomerulosclerosis, and the thickening of glomerular basement membrane, and our experiment showed that the severity of nephropathy increased Engulfment and cell motility protein 1 (ELMO1) is part of a guanine nucleotide exchange factor for Ras-related C3 botulinum toxin substrate (Rac), and ELMO1 polymorphisms were identified to be associated with diabetic nephropathy in genome-wide association studies. We generated a set of Akita Ins2 C96Y diabetic mice having 5 graded cardiac mRNA levels of ELMO1 from 30% to 200% of normal and found that severe dilated cardiomyopathy develops in ELMO1-hypermorphic mice independent of renal function at age 16 weeks, whereas ELMO1-hypomorphic mice were completely protected. As ELMO1 expression increased, reactive oxygen species indicators, dissociation of the intercalated disc, mitochondrial fragmentation/dysfunction, cleaved caspase-3 levels, and actin polymerization increased in hearts from Akita mice. Cardiomyocyte-specific overexpression in otherwise ELMO1-hypomorphic Akita mice was sufficient to promote cardiomyopathy. Cardiac Rac1 activity was positively correlated with the ELMO1 levels, and oral administration of a pan-Rac inhibitor, EHT1864, partially mitigated cardiomyopathy of the ELMO1 hypermorphs. Disrupting Nox4, a Rac-independent NADPH oxidase, also partially mitigated it. In contrast, a pan-NADPH oxidase inhibitor, VAS3947, markedly prevented cardiomyopathy. Our data demonstrate that in diabetes mellitus ELMO1 is the "rate-limiting" factor of reactive oxygen species production via both Rac-dependent and Rac-independent NADPH oxidases, which in turn trigger cellular signaling cascades toward cardiomyopathy.
in parallel with the expression of Elmo1, despite blood pressure or plasma levels of glucose or insulin not being significantly altered (12) . Direct correlations between Elmo1 expression levels and the severity of nephropathy as well as the level of plasma ROS in these mice led us to hypothesize that genetic variations of Elmo1 expression may also affect severity of diabetic complications in other organs.
Metabolic dysregulation caused by diabetes increases the risk of developing cardiovascular diseases (13, 14) . Because atherosclerosis and hypertension are highly common conditions that influence cardiovascular diseases and also interact with diabetes, cardiac complications of diabetes have not been clearly defined. However, more recently, diabetic cardiomyopathy has become recognized as a clinical entity of global cardiac dysfunction that is associated with diabetes mellitus but not caused by hypertensive, coronary, or valvular heart disease (15) . Studies have demonstrated that it is frequently present (~60% patients with type 2 diabetes) and associated with premature sudden death in diabetic patients. Various animal models of diabetes have also confirmed the development of diabetes-induced cardiomyopathy with diastolic dysfunction (13, 14) .
In the current study, we evaluated the morphological and functional changes in the hearts of Akita mice with 5 graded levels of ELMO1. The high expression of Elmo1 in Akita diabetic mice caused severely impaired cardiac contractile function and significant dilation of the internal diameter of the left ventricle. In contrast, Akita diabetic mice with lower-than-normal expression of Elmo1 did not show the contractile dysfunction. Examination of plausible pathogenic mechanisms, whereby high genetic levels of ELMO1 exacerbate dilated cardiomyopathy, revealed that both Rac-dependent NADPH oxidases and Rac-independent NADPH oxidase 4 (NOX4) play an important role in the development of diabetic cardiomyopathy. These findings suggest that suppressing ELMO1 or inhibiting both Rac-dependent and Rac-independent NADPH oxidases could be promising options for preventing diabetic cardiomyopathy.
Results

Akita diabetic mice having 5 genetically different levels of ELMO1.
The wild-type (WT), hypomorphic (L), and hypermorphic (H) alleles for the Elmo1 gene are illustrated in Figure 1A . The 3′-UTR of the Elmo1 L allele was replaced with that of the Fos gene, resulting in a reduced mRNA half-life. The Elmo1 L allele was designed to be switched after Cre-loxP recombination to an Elmo1 H allele in which the use of 3′-UTR of bGH increases the half-life of Elmo1 mRNA (12) . To determine the roles of ELMO1 in diabetic complications in hearts, diabetic mice globally having 5 graded expression levels of the Elmo1 gene were obtained by the 5 Figure 1B ) and ELMO1 protein levels graded in 5 steps from 30% to approximately 190% compared with those of the WTA+ mice ( Figure 1C ). Cardiac ELMO1 protein levels in diabetic WTA+ mice were twice the levels in nondiabetic WT mice (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.127660DS1). In contrast, the protein levels of ELMO2 and ELMO3 were decreased as the expression of Elmo1 increased (Figure 1 , D and E), while levels of other components of the ELMO-DOCK complex, including DOCK180 and DOCK2, did not significantly differ (Supplemental Figure 1 , B and C).
In addition, the heart weights normalized by tibia length or body weight were not different ( Figure 1F and Supplemental Figure 1D ). In contrast, the heart rates in the HHA+ mice were significantly less than in the WTA+ mice ( Figure 1G ). ELMO1 is the part of a Rac-GEF converting Rac-GDP into Rac-GTP. We, therefore, determined the Rac1 activity in the hearts of the Akita diabetic mice as the protein amount of Rac1 that can bind to the p21 binding domain of the p21-activated kinase 1. Rac1-GTP in Western blot ( Figure 1H ) showed that the levels of Rac1 activity directly paralleled with the genetically graded levels of Elmo1 expression. Total amount of Rac1 protein was not altered (Supplemental Figure 1E) ; thus, the amount of ELMO1 was the direct determinant of the Rac activity in the hearts of Akita diabetic mice.
Plasma levels of glucose and arterial pressure at 16 weeks of age were not significantly different as we previously reported (ref. 12 and Supplemental Figure 2, A and B) . Similarly, the plasma hemoglobin A1C levels, a long-term index of glycemic control, were not different among the 5 Elmo1 genotypes (Supplemental Figure 2C ). Thyroid hormones triiodothyronine and thyroxine may affect cardiac function, but their plasma levels were not significantly different among Akita mice having the 5 Elmo1 genotypes, excluding the possibility of their involvement (Supplemental Figure 3, A and B) .
High ELMO1 accelerates and low ELMO1 prevents dilated cardiomyopathy in Akita diabetic mice. Cross sections of hearts showed that both chamber dilation and collagen fiber accumulation (blue color with AZAN trichrome staining) dramatically intensified as the expression of Elmo1 augmented (Figure 2A ). Echocardiograms revealed that the ejection fraction of the left ventricle was significantly reduced in the HHA+ and H+A+ mice as compared with the WTA+ mice at the age of 16 weeks (Figure 2 , B and C). In the reverse direction, the left ventricular ejection fraction in the LLA+ mice was significantly greater than in the WTA+ mice and equivalent to that in nondiabetic WT mice (dotted lines in Figure 2C ). Likewise, the left ventricular posterior wall in diastole of the HHA+ heart was significantly thinner than in the WTA+ mice ( Figure 2D ). The internal diameter of the left ventricle in diastole was significantly greater in the HHA+ and H+A+ mice than in the WTA+ mice ( Figure 2E) . The E-wave deceleration rate (EWDR) of the mitral flow was significantly less in the HHA+ mice than in the WTA+ mice ( Figure 2F ). The isovolumic relaxation time (IVRT) of the left ventricle was significantly greater in the HHA+ mice than in the WTA+ mice ( Figure 2G ). The early tissue Doppler velocity (E′) was significantly less in the HHA+ and H+A+ mice than in the WTA+ mice ( Figure 2H ). There was no indication of valvular or coronary diseases throughout the echocardiographic study. There was no significant difference in the heart weight normalized by body weight, systolic blood pressure, heart rate, and plasma glucose among nondiabetic mice (Supplemental Figure 4 , A-D). No remarkable alteration in the heart was detectable in histology (Supplemental Figure 4E ). The detrimental effects on the cardiac function were not observed in echocardiography in nondiabetic mice with high Elmo1 expression (Supplemental Figure 4 , F-K). Overall, 2-way ANOVA showed strong interactions between Elmo1 genotype and diabetes in the ejection fraction, wall thickness, and internal diameter (Supplemental Table 1 ), suggesting that ELMO1 and diabetes enhance the cardiac dysfunction synergistically.
To further examine the mechanical properties of the hearts of Akita mice, we next performed a pressure-volume (PV) loop study ( Figure 2I ). The parameters indicative for the systolic function, including dP/dt max and end-systolic pressure-volume relationship (ESPVR), were significantly smaller in the HHA+ mice than in the WTA+ mice ( Figure 2 , J and K). In the reverse direction, these parameters for the systolic functions in the LLA+ mice were significantly higher than in the WTA+ mice. In contrast, the parameters indicative for the diastolic function end-diastolic pressure-volume relationship (EDPVR) and Tau Glantz value were significantly higher in the HHA+ mice than in the WTA+ mice ( Figure 2 , L and M). Again, in the reverse direction, the EDPVR and Tau Glantz in the LLA+ mice were lower than in the WTA+ mice. This indicates that ELMO1 diminishes both systolic and diastolic function in Akita diabetic hearts. There was no detectable difference in dP/dt max, ESPVR, EDPVR, or Tau Glantz among nondiabetic mice with different ELMO1 expression (Supplemental Figure 4 , L-O).
Cardiomyocyte-specific overexpression of Elmo1 is sufficient to cause dilated cardiomyopathy in the HHA+ mice. We previously showed that the glomerulosclerosis and renal excretory dysfunction were markedly enhanced in the HHA+ mice in comparison with the WTA+ mice at the age of 40 weeks (12) . This raises a possibility that the cardiac dysfunction in the HHA+ mice may be due to renal excretory dysfunction and fluid retention. However, at the age of 16 weeks, the renal histology and the plasma cystatin C levels were not significantly different among Akita mice having 5 Elmo1 genotypes, suggesting that the kidney functions of these mice were not yet affected (Supplemental Figure 5 , A-D). Thus, development of cardiac dysfunction appears to start before renal dysfunction.
To confirm that the effects of high ELMO1 leading to cardiac dysfunction are cardiomyocyte intrinsic and not secondary to other peripheral tissue damage or other cell types in the heart, we generated mice overexpressing Elmo1 specifically in the cardiomyocyte by introducing a Cre-loxP recombinase driven by Myh6 promoter into the LLA+ mice. In the resulting Elmo1 L/L Myh6-Cre Ins2 Akita/+ mice, the Elmo1 L allele switches to an Elmo1 H allele only in cardiomyocytes, but cells in the rest of the body remain ELMO1 hypomorphic. Echocardiograms revealed that cardiomyocyte-specific overexpression of Elmo1 is sufficient to recapitulate the dilated cardiomyopathy phenotype (Figure 2, A-H ). This clearly demonstrates that enhanced cardiomyopathy in the HHA+ mice does not require global overexpression of Elmo1 but is the result of cardiomyocyte cell-autonomous ELMO1 effects.
Dissociated intercalated discs, reduced cardiac connexin43, and elongated QTc intervals. Transmission electron microscopy (TEM) revealed dissociation of the intercalated discs in the HHA+ and WTA+ mice that was not present in the LLA+ mice ( Figure 3, A and B) . The immunoreactivity of connexin43, the principal component of the gap junction in the intercalated disc (16) , decreased as the expression of Elmo1 increased ( Figure 3C ). Intercalated discs connect individual cardiomyocytes and propagate electrochemical communication so that the heart works as a single functional organ. Structural stability of the intercalated disc is regulated by phosphorylation of serine residues of connexin43 (17) , and the phospho-Ser368 is necessary for myocardial conduction during metabolic stress (18) .
Immunoblot analysis showed that total connexin43 protein in the whole heart was decreased as the expression of Elmo1 increased in Akita mice accompanied by a more dramatic reduction of Ser368-phosphorylated connexin43 (Figure 3, D and E) . The cardiac protein levels of small G protein signaling modulator 3 (SGSM3), which is reported to be upregulated upon ROS exposure and induces connexin43 turnover via lysosomal degradation in cardiomyocytes (19) , were increased as the expression of Elmo1 augmented in Akita mice ( Figure 3F ).
The functional outcome of the dissociation of the intercalated disc in the electrocardiogram was a significant elongation of the QT interval in the HHA+ mice ( Figure 3G ), even after the correction by RR intervals using Bazzette's formula (QTcB). In comparison, QT intervals of the LLA+ mice were shorter than WTA+ mice and indistinguishable from those in the WT nondiabetic C57BL/6 mouse. The PR intervals and the QRS complex were not different among the 5 Elmo1 genotypes (Supplemental Figure 6, A and B ).
These data demonstrate that the mechanical and functional dissociations of the intercalated disc observed in the Akita diabetic mice are strongly affected by the amounts of ELMO1, ranging from almost the same in nondiabetic WT mice as in LLA+ mice to severe difference in HHA+ mice. These pathological changes are likely to play causative roles in the development of systolic dysfunction in the ELMO1-hypermorphic Akita mice.
Mitochondrial dysfunction and fragmentation. Cardiac content of ATP and citrate synthase activity, both of which reflect mitochondrial function, were lower in the HHA+ mice than the WTA+ mice ( Figure 4, A and B) . More specifically, the cardiac activities of mitochondrial complexes I, IV, and V were lower in the HHA+ mice than the WTA+ mice ( Figure 4 , C and D, and Supplemental Figure 7A ). However, the cardiac activities of mitochondrial complexes II and III were not different among the 5 groups of Akita mice (Supplemental Figure  7 , B and C). TEM also revealed that the fragmentation of the mitochondria was more prominent in the HHA+ mice than in the LLA+ mice ( Figure 4E) . Indeed, the mitochondrial number was greater while the mitochondrial size was smaller in the HHA+ and H+A+ mice than the WTA+ mice (Figure 4, F and G) . Although the volume density of the mitochondria did not significantly differ (Supplemental Figure 7D) , median values of the aspect ratio of mitochondria were smaller in the HHA+ and H+A+ mice than the WTA+ mice (Supplemental Figure 7E) . Total protein levels of mitochondrial fission factor (MFF), which is important for mitochondrial fission, were not different (Supplemental Figure 7F) . However, the Ser146-phosphorylated MFF was increased in the Akita mice as the expression of Elmo1 increased ( Figure 4H) . Similarly, Ser616 phosphorylation, but not total protein, of dynamin-related protein 1, DRP1, was increased as the expression of Elmo1 increased ( Figure  4I and Supplemental Figure 7G ). Total protein amounts of mitofusin 2 were not altered (Supplemental Figure  7H) . Taken together, these results indicate that mitochondrial dysfunction and fragmentation are integral parts of ELMO1-induced exacerbation of cardiac dysfunction in Akita mice. (14) . Furthermore, activated Rac is known to mediate ROS production in a variety of cellular responses in phagocytic as well as nonphagocytic cells, as an essential part of membrane-bound NADPH oxidase complexes (20) (21) (22) (23) . We previously showed that plasma lipid peroxide levels were increased while erythrocyte glutathione levels were decreased as the expression of Elmo1 increased in Akita diabetic mice (12) . In the present study, we also found that the release of hydrogen peroxide and the immunoreactivity of 4-hydroxy-2-nonenal (4-HNE) were increased and the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) was decreased in the hearts of Akita mice as the expression of Elmo1 increased ( Figure 5 , A-C, and Supplemental Figure 8, A and B) .
ELMO1-mediated cardiac production of ROS. Metabolic dysregulation of diabetes increases cellular production of ROS
Although the fluorescence after the dihydroethidium injection is not strictly specific to 2-hydroxyethidium converted by superoxide (24) , it provided a rough estimation of the intracellular superoxide production in the cardiac cells, which was positively correlated with the amount of ELMO1 in the Akita mice ( Figure 5D ). For this, we generated Akita mice with the chimeric heart having both Figure 5D and Supplemental Figure 8C ). This supports that the superoxide production within cells expressing high Elmo1 is greater than that in cells with low Elmo1 expression.
To measure more strictly the amount of superoxide in the hearts of Akita mice with different expression levels of Elmo1, we analyzed 2-hydroxyethidium by separating the oxidation products of dihydroethidium with HPLC (25) . The amount of 2-hydroxyethidium was increased as the expression of Elmo1 increased ( Figure 5E ).
Excess ROS production could damage cellular components and lead to increased cardiomyocyte death, which contributes to the development of cardiomyopathy. Consistent with this possibility, we found that the levels of cleaved caspase-3, a marker for cells that are dying or have died from apoptosis (26) , were increased in the hearts of Akita mice as the expression of Elmo1 increased (Figure 5, F-G) . Moreover, previous studies reported the involvement of a calcium-activated protease, calpain, in the development of diabetic cardiomyopathy via disrupting ATP synthase and inducing ROS generation (27, 28) . Calpain activity, measured as ratios of degradation product (BDP145) of αII-spectrin to intact αII-spectrin with and without calcium (29) , was enhanced as the Elmo1 expression increased (Supplemental Figure 8D) , suggesting some role for calpain in the ELMO1-linked enhancement of cardiomyopathy.
Although ELMO1 activates Rac, which increases the activity of NADPH oxidases 1 and 2 in the heart, their mRNA levels were not altered (Supplemental Figure 8, E and F) . In contrast, mRNA for Rac-independent Nox4 was increased as Elmo1 expression increased ( Figure 5H ). Although NOX4-specific activity in tissues cannot easily be determined, a direct correlation between the NOX4 mRNA level and enzyme activity has been reported (30) . The mRNA and protein levels of genes coding for TGF-β1 (Tgfb1) and endothelin-1 (Edn1), both of which have been shown to induce the expression of Nox4 (31) (32) (33) , were also increased in parallel with the genetic levels of Elmo1 expression in the Akita mice ( Figure 5, I and J, and Supplemental Figure 8 , G and H). These results indicate that the production of ROS is increased in the hearts of Akita mice overexpressing Elmo1 via the activation of both Rac-dependent and Rac-independent NADPH oxidases.
Pivotal role of NADPH oxidases in the dilated cardiomyopathy in the HHA+ mice. To confirm the involvement of Rac and/or NADPH oxidases in the ELMO1-induced enhancement of diabetic cardiomyopathy, we investigated the effects of 4-week oral administration of EHT1864, a pan-Rac inhibitor, and VAS3947, a pan-NADPH oxidase inhibitor, on the cardiac function in the HHA+ mice starting at the beginning of 12 weeks of age at 40 mg/L and 4 mg/L, respectively. Neither EHT1864 nor VAS3947 significantly altered plasma glucose levels, systolic blood pressure, renal histology, or plasma cystatin C levels in the HHA+ mice (Supplemental Figure 9, A-F) .
EHT1864, partially, and VAS3947, substantially, restored the morphology and systolic and diastolic function in the hearts of the HHA+ mice ( Figure 6 , A-D, and Supplemental Figure 10, A-D) . Chronic oral administration of VAS3947 markedly attenuated both the cardiac systolic and diastolic dysfunctions in the HHA+ mice in the PV loop study (Supplemental Figure 10 , E-I). It also mitigated the changes in the intercalated discs and restored the immunoreactivity of connexin43, as shown in the TEM of HHA+ hearts (Supplemental Figure 11, A-C) . It also mitigated the mitochondrial morphological changes and dysfunctions (Supplemental Figure 12, A-G) . It also decreased the levels of cleaved caspase-3 in the hearts of HHA+ mice (Supplemental Figure 13, A and B) . These data strongly support that the cardiomyopathy of the HHA+ mice is primed by augmented oxidative stress by the enhanced activities of NADPH oxidases as a consequence of the Elmo1 overexpression.
The administered dose of EHT1864 markedly suppressed Rac1 activity ( Figure 6E and Supplemental Figure 14A ) and significantly decreased cardiac levels of superoxide and H 2 O 2 to the levels in the diabetic WTA+ mice with normal levels of Elmo1 expression (Figure 6, F and G) . EHT1864 did not change cardiac levels of GSH/GSSG significantly ( Figure 6H and Supplemental Figure 14, B and C) . In contrast, the effects were more substantial in the VAS3947-treated HHA+ mice, where the levels of these ROS were reduced to levels of the nondiabetic WT mice.
Similarly, EHT1864 partially and VAS3947 substantially decreased cardiac mRNA levels of Nox4, Tgfb1, and Edn1 ( Figure 6 , I-K) and cardiac protein levels of Tgfb1 and Edn1 (Supplemental Figure 14 , D and E). To further investigate the role of NOX4, the function of which does not require activated Rac1, we generated Nox4-deficient HHA+ mice. The Nox4 -/-HHA+ mice showed that the disruption of Nox4 significantly alleviated the dilated cardiomyopathy phenotype observed in HHA+ mice ( Figure 6 , A-K, and Supplemental Figure 10, A-D) .
Activated Rac is a well-known regulator of actin polymerization (34) , and enhanced actin polymerization has been demonstrated to be associated with impaired cardiac function (35) (36) (37) . Indeed, actin polymerization was demonstrated to diminish both systolic and diastolic function in the heart (38, 39) . Consistently, we found that filamentous actin/globular actin ratios in the heart tissues of the Akita mice with graded ELMO1 expression were directly correlated to the ELMO1 expression levels (Supplemental Figure  15) . However, the ratios in the hearts of VAS3947-treated HHA+ mice were markedly less than those in untreated HHA+, suggesting that the cytoskeletal change in cardiomyopathy requires NOX-mediated ROS production. Indeed, emerging evidence suggests that actin polymerization is regulated by redox signaling and oxidative stress (40) .
Previous studies have also suggested that p21/Rac1-activated kinase 1 phosphorylates the Ser150 residue of cardiac troponin I, which increases the cardiac sensitivity to Ca 2+ in a Rac-dependent but ROS-independent fashion (41) . The amount of Ser150-phosphorylated cardiac troponin I did not differ significantly among the hearts of Akita mice having 5 levels of ELMO1 (Supplemental Figure 16 ). Taken together, we conclude that Rac-dependent and Rac-independent NADPH oxidases are the major pathway by which ELMO1 enhances the development of diabetic cardiomyopathy.
Discussion
In the present study, we conducted a broad characterization of cardiac phenotypes in Akita diabetic mice with 5 different genetically graded levels of Elmo1 expression from 30% to 200% of normal. The results demonstrate that ELMO1 is the master regulator of the extent of dysfunction and ultrastructural abnormalities that develop in the diabetic hearts. Twice the normal ELMO1 expression in the HHA+ mice substantially accelerated, while 30% of normal ELMO1 in the LLA+ mice protected, dilated cardiomyopathy development compared with the WTA+ mice. There were no significant differences in plasma glucose levels or blood pressures among the 5 genotypes or indications of coronary or valvular abnormalities. Furthermore, observed reduction of ejection fraction caused by the cardiomyocyte-specific overexpression of Elmo1 in otherwise ELMO1-hypomorphic Akita mice suggests that the extracardiac (e.g., renal) abnormalities are not required for the development of cardiomyopathy in the ELMO1-hypermorphic, diabetic mice.
The major chain of events leading from ELMO1 to cardiomyopathy is the activation of Rac and of NADPH oxidases. Consistent with previous reports that ELMO1 cooperates with DOCK in activating Rac by exchanging GDP for GTP (1, 2, 42) , activated Rac1 (Rac1-GTP) levels in the hearts ran parallel to ELMO1 levels. The Rac-GTP, among its signaling functions in numerous cellular processes, increases the formation of superoxide anion production by facilitating the assembly of NADPH oxidase complexes (20) (21) (22) (23) . Indeed, we have reported that genetic increase of ELMO1 in Akita diabetic mice led to progressive increases in the concentrations of circulating oxidative stress markers, including plasma lipid peroxides and erythrocyte GSH levels (12) . Furthermore, our current data demonstrate that ELMO1 levels were directly correlated with the tissue levels of superoxide, hydrogen peroxide, GSH, and 4-HNE in the Akita mice as well as the severity of cardiac dysfunction. The core of NADPH oxidase complex is NOX proteins, encoded in the individual Nox genes. NOX1 and NOX2 require the binding of Rac-GTP for their activity and are present in the heart. However, we observed that a pan-Rac inhibitor, EHT1864, significantly but only partially decreased the superoxide generation. Attenuation of the cardiac dysfunction and morphological changes in the HHA+ mice by EHT1864 was also partial, though significant, suggesting that Rac-dependent NOX does not account for the entire ROS production ( Figure 6 ). In contrast, VAS3947, which blocks ROS generation by inhibiting all isoforms of NADPH oxidases, substantially decreased the superoxide generation and mitigated cardiomyopathy in the HHA+ mice. These findings suggest that a Rac-independent NOX4 (43) also is an important player in ROS generation in the diabetic, ELMO1-hypermorphic mice. We thus found that genetic deficiency of Nox4 significantly, although again not completely, reduced the severity of cardiac dysfunction in the HHA+ mice ( Figure 6 ). The beneficial effect of the Nox4 gene's absence on cardiac function in the ELMO1 HHA+ Akita mice found in the current study is consistent with a previous study showing that the phosphorothioated antisense oligonucleotides for NOX4 prevent cardiac dysfunction in streptozotocin-induced diabetic rats (44) . The expression of Nox4 is known to be upregulated in various conditions, including altered shear stress (45) , endoplasmic reticulum stress (46) , hypoxia (47) , and diabetes (44, 48) , and its mRNA levels directly reflect the NOX4 activities (30) . The levels of Nox4 mRNA also paralleled with the Elmo1 expression levels in the hearts of the Akita mice. Previous studies showed that ROS increase the expression of TGF-β1 (49, 50) and endothelin-1 (51-53), both of which are also strong inducers of Nox4 transcription (31) (32) (33) . Poldip2, a newly discovered Nox4 enhancer protein, could be responsible for the induction of Nox4 in the ELMO1-hypermorphic mice because TGF-β1 has been reported to increase the protein levels of poldip2, which enhances the expression and activity of Nox4 (54) . In diabetes, where ROS production is enhanced because of metabolic dysregulation, there could exist a vicious circle involving ROS, fibrogenic gene products, and NOX4. Reportedly, a number of kinases, such as p38MAPK and ERK, are activated by ROS (55), in part because of the inhibition of tyrosine phosphatases via oxidized modifications of critical cysteine residues (56), suggesting roles of NOX4-derived ROS in multiple signaling pathways.
The increase in ROS has been suggested as a common element in the multiple mechanisms involved in the development of cardiac disorders in diabetes (57) . We observed that systolic and diastolic functions, the frequency of the dissociation of the intercalated disc, reduction in connexin43, mitochondrial fragmentation and mitochondrial dysfunction, apoptosis, and actin polymerization were all in direct correlation to ELMO1 levels, supporting that ELMO1 determines the extent of cardiac dysfunction. These features are, however, also correlated directly to the levels of ROS. ROS decrease mitochondrial respiratory function, whereas impaired electron transport chain increases electron leak and leads to excess ROS generation (58, 59) . This vicious circle could operate in the diabetic heart and develop dilated cardiomyopathy in the ELMO1-hypermorphic Akita mice. More importantly, a pan-NOX inhibitor, VAS3947, spared the HHA+ mice from the development of cardiac dysfunction and morphological features to an extent not different from the LLA+ mice, which are protected from diabetic cardiomyopathy. Except for the direct role of ELMO1 that leads to the ROS production, our literature search found no previous report that suggests a direct involvement of ELMO1 in any of the pathological processes leading to cardiomyopathy. On the other hand, ample evidence has accumulated that excess, prolonged, or out-of-place ROS production can lead to impaired cellular function and pathological conditions (55), even though ROS at normal levels are essential for intracellular cell signaling regulators to maintain normal cell physiology. Cysteine residues are susceptible to oxidation by ROS, and activities of protein tyrosine kinases and protein tyrosine phosphatases are regulated by oxidation of critical cysteine residues (56). This could overactivate or deactivate their downstream signaling cascades. For example, Konishi et al. demonstrated activation of protein kinase C-delta (PKC-δ) via tyrosine phosphorylation under oxidative stress (60) . PKC-δ in turn has been shown to phosphorylate Ser616 of DRP1 during oxidative stress and phospho-Ser616-DRP1 promotes mitochondrial fission (61) . Similarly, phosphorylation of Ser368 of connexin43 by PKC-δ was demonstrated to direct connexin43 away from the gap junction to the protein degradation pathway (62) . These previous findings provide potential molecular mechanisms for increased mitochondrial fragmentation and abnormal intercalated discs under conditions of excess ROS production. Together, our observation underscores the importance of ELMO1 as the "rate-limiting" cellular determinant of ROS production, which in turn trigger cellular signaling cascades leading to cardiomyopathy in the heart in diabetes.
Our finding is notable because the cardiopathic effects in diabetes are preventable if Elmo1 expression is genetically decreased to 1/3, even though the diabetic hyperglycemia persists. ELMO1 plays a key pathophysiological role in the development of diabetic complications, largely via overproduction of ROS by both Rac-dependent and Rac-independent NADPH oxidases. The remarkable protective effects of modestly decreasing ELMO1 levels and of pan-inhibition of NADPH oxidases in mice suggest that pharmacological suppression of ELMO1 or NADPH oxidases could be promising options for preventing cardiomyopathy in patients with diabetes.
Methods
Mice. Akita diabetic mice (Ins2
Akita/+ , Jackson Laboratory, 003548) having 5 graded expression levels of Elmo1 were generated by targeted replacement of the 3′-UTR of Elmo1 with an unstable 3′-UTR of a protooncogene, cFos (Elmo1 L ), or with a stable 3′-UTR of the bovine growth hormone gene, bGH (Elmo1 H ), as previously described (12) . Conventional PCR was used to determine the genotypes of Elmo1 with the primer sets described in Supplemental Table 2 . Akita mice overexpressing Elmo1 specifically in the cardiomyocyte were generated by crossing LLA+ mice with a mouse carrying a tamoxifen-inducible α-myosin heavy chain gene (Myh6) promoter-driven Cre recombinase transgene (A1cf were administered for 4 weeks beginning at age 12 weeks. Most of the small-molecule inhibitors are not completely specific to the target, and other functions are revealed as they are studied in more detail (65) . Nevertheless, VAS3947 is one of the best currently available, which has major effects on inhibition of all NOX enzymes (66) . Experimental mice were on a C57BL/6J background, and only male mice were used in this study for all the groups because female Akita mutants do not develop overt diabetes (67) . Because of low frequency of obtaining pups with desired genotypes in each litter, multiple crosses of L+A+ males and L+WT females, and multiple crosses of H+A+ males and H+WT females, were used. Consequently, they were not strictly littermates, but phenotypes of WTA+ mice from the 2 groups of mating were statistically not different. Experiments were carried out and scoring was done by investigators blinded to the genotype of the animals as much as possible.
Echocardiography, electrocardiography, and PV loop analysis. Heart functions of the conscious mice were analyzed by the Vevo 2100 ultrasonograph system (FUJIFILM VisualSonics) with a 30-MHz transducer. The electrocardiogram was recorded in lead II. All measurements were performed in the University of North Carolina Rodent Advanced Surgical Models Core according to the American Society of Echocardiography guidelines, and the data were analyzed with Vevo 2100 Workstation 1.6.0. software.
For PV loop analysis, mice were anesthetized (ketamine/xylazine 80/10 mg/kg, i.p.), intubated, and placed on a ventilator. A ventral midline skin incision was made, and the thoracic cavity was entered through the sternum. A 1.2-F admittance PV catheter (Sciscence) was introduced into the left ventricle using a 20-gauge needle. After instrumentation was established and PV measurements were obtained, the inferior vena cava was briefly occluded to obtain alterations in venous return for determination of end-systolic and end-diastolic pressure relations. Data analysis was performed with LS-20 LabScribe2 software (iWorx).
Statistics. Data are expressed as mean ± SEM. To compare groups, we used 1-way or 2-way ANOVA. Post hoc pairwise comparisons were performed by Tukey-Kramer Honestly Significant Differences test (JMP 13; SAS Institute Inc.). A P value less than 0.05 was considered significant.
Detailed methods for measurement of biological parameters, Rac activity/Western blot, calpain activity, quantitative reverse transcription PCR, histology, and immunofluorescence are described in the supplemental methods.
Study approval. All mice were kept under husbandry conditions conforming to the NIH Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011) as approved by the University of North Carolina Institutional Animal Care and Use Committee, Chapel Hill, North Carolina, USA.
